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Abstract
This paper describes a W-Band Doppler radar system in use at the electromagnetic launch facility at the Naval Surface Warfare Center in
Dahgren, VA.  Experimental results for a medium caliber railgun launch at 2000 m/s are presented.  A discussion of the radar signal
characteristics is given and the Doppler velocity profile during launch is computed. The in-bore time history of the launch package
derived from the radar system is found to have good agreement with that derived from traditional magnetic field flux sensors (B-dot 
sensors).  Given the increased temporal resolution of the radar system over B-dot measurements, time resolved friction coefficients can be 
estimated based on launch parameters.  Due to the capabilities of the Dahlgren test range, the radar is able to track the projectile for a
portion of flight just after the projectile exits the launcher. Drag coefficients for the projectile in hypervelocity free-flight are also
presented.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.
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1. Introduction
Accurate description of in-bore, projectile dynamics is essential in hypervelocity launcher research.  Unfortunately, many
of the important quantities of interest in electromagnetic railgun testing vary non-linearly during launch and are not directly
measureable.  For example, frictional and viscous drag forces on the launch package vary as functions of velocity; however,
exact descriptions for these parameters are often not available for the operational regimes and material combinations of 
interest [1].  One must rely on mathematical models for these unknown parameters in evaluating experimental test data. 
Therefore, a highly resolved in-bore time-velocity history is desirable for estimating drag forces during launch.
The traditional means of measuring in-bore launch package travel in railguns involves the use of magnetic flux sensors
(B-dot probes) that detect the passage of the magnetic center of the current carrying armature.  This technique produces
discreet measurements of armature position in time and is advantageous due to its ease of implementation.  However, the
technique is limited by the linear density with which the probes can be installed along the length of the launcher as well as
the accuracy with which the probes can be calibrated [2].  Improvements to this technique have been suggested to increase
its accuracy [3] [4], but it is still limited in that it does not produce a continuous position history for the launch package.  A 
technique is described in [5] which utilizes a single flux measurement loop to relate the changing flux in the launcher to
projectile velocity.  This method produces a continuous measure of projectile velocity but has issues with instrumentation
setup which may not be practical for routine laboratory use.
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Various measurement techniques have been published for hypervelocity launchers which involve direct measurement of 
in-bore velocity.  Optical interferometry has been successfully demonstrated using both VISAR [6] and PDV [7] methods.  
These two methods produce highly temporally and spatially resolved measurements, but require specialized equipment to 
achieve this high resolution.  Furthermore, the former requires very precise setup and calibration which are impractical in an 
industrial laboratory setting.  W-Band Doppler radar has been demonstrated on small caliber railguns for velocities up to 
1200 m/s [8] and 1800 m/s [9].  Though the measurements produced using this technique are not as highly resolved as the 
VISAR and PDV methods mentioned above, instrumentation can be assembled from off the shelf components.  The 
instrumentation requirements are also more amenable to a railgun laboratory which performs extended test series that 
consist of multiple shots per day in varying atmospheric conditions.   
This paper describes a W-Band Doppler radar system which has been in use since 2006 for EM railgun testing at the 
Naval Surface Warfare Center, Dahlgren Division (NSWCDD) in Dahlgren, VA. The radar system has successfully 
captured continuous velocity profiles up to 2500 m/s on both medium and large caliber railguns.  Due to instrumentation 
after 
muzzle exit. 
2. Experimental Setup 
The W-band In-bore Projectile Tracking (WIPT) radar is a 94 GHz radar system provided to NSWCDD by Sandia 
National Laboratories.  The system is configured such that it tracks the front face of the projectile through a sacrificial 
mirror.  Radar orientation at the gun muzzle has been successful in avoiding issues with in-bore debris or ionized particles 
occluding the projectile during launch noted in [8].  Furthermore, the radar is also able to track the projectile after muzzle 
exit, providing free flight velocity for several meters of travel. 
 
WIPT uses Doppler shift to measure the projectile velocity during and after launch.  The radar signal chain contains a 
DC block so that the projectile velocity is directly related to the observed radar frequency by: 
  (1)  
where fO is the Doppler frequency, c is the speed of light, and fE is the emitted frequency of the radar (94 GHz). 
Testing was conducted on the medium caliber launcher located at the NSWCDD ElectroMagnetic test Facility (EMLF).  
This was a round bore railgun with a nominal shot travel of 5 meters.  Relevant launch parameters are listed in Table 1. 
Table 1: Nominal Launcher Parameters 
Parameter Value 
Bore Diameter 54 mm 
Launch Package Mass 0.552 kg 
Muzzle Kinetic Energy 1.1MJ 
Muzzle Velocity 2000 m/s 
3. Results and discussion 
3.1. Time and frequency domain signal characteristics 
A representative Doppler return from WIPT is shown in the lower plot of Fig. 1.  In the figure, launch occurs between 0 
and 5 milliseconds, and is evident as a very strong and rapidly evolving signal.  After muzzle exit, the uniformity in the 
signal is indicative of the projectile in free flight.  A qualitative assessment of the measured projectile velocity is possible by 
examining a modified spectrogram of this signal, as shown in Fig. 1.  Here, a sliding window FFT is used to extract the 
fundamental frequency, fo, as a function of launch time.  Equation (1) is used to convert the extracted frequency into 
measured velocity. 
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Fig. 1: Representative Doppler signal (bottom) and modified spectrogram (top) for the WIPT radar.  Time zero corresponds with the beginning of launch.  
The values for the right vertical axis of the specrogram are computed using Equation (1). 
As can be seen in Fig. 1, WIPT is able to provide a continuous measurement of projectile velocity for the majority of 
launch.  In addition, the radar has a strong signal return for several milliseconds of free flight.  However, several notable 
features exist in the signal spectrogram.  First, the radar introduces noise into the signal in the form of replications of the 
stronger frequencies.  These replications are visible as banding or ripples around the velocity profile and are not physical in 
nature.  WIPT also indicates a constant response at 650 kHz (1036 m/s) that appears to be an issue with the system itself, as 
this feature is consistent across all observed test data.  Third, WIPT loses the 
exit.  This dropout is believed to be due to compressed gas ahead of the projectile expanding into the ambient atmosphere as 
it nears the muzzle.  The expansion effectively occludes the radar return for a brief time, after which the signal quickly 
recovers.  Last, WIPT is sensitive to electromagnetic interference (EMI), as evident by the broadband response at 
approximately 7.2 ms in the spectrogram.  This event is also visible in data from the pulse forming network which drives the 
railgun, though its origin is unknown.  The remainder of this paper will focus on analysis of the measured velocity profile. 
3.2. Velocity Profile 
WIPT employs a DC block in its signal chain so that only Doppler shifted frequencies are captured.  As indicated in the 
previous section, spectral analysis is required to extract the projectile velocity from the recorded data.  Quantitative 
determination of velocity is accomplished using a custom analysis tool, Doppler-Extracting Velocity Observer (DEVO), 
developed by engineers at NSWCDD.  The velocity time-history of the data presented in Fig. 1 is shown in Fig. 2. 
The kinematics recorded by WIPT compare well with the data collected from B-dot sensors installed in the gun (see Fig. 
3).  The measured velocity agrees with the majority of the velocity derived from the B-dot sensors.  No reliable B-dot 
information is available in the first 1.5 milliseconds of launch.  The projectile is moving at a relatively low velocity, but 
high acceleration in this region.  As a result, the error associated with calculating the numerical gradient of the B-dot 
position data is relatively high at the first data point.  Therefore, the first two B-dot velocities are noticeably lower than the 
measured WIPT velocity.  Additional B-dot data in the first millisecond of launch would be insightful.  The WIPT velocity 
can be integrated to obtain a continuous measure of projectile position during launch.  This integrated WIPT position agrees 
well with the discrete position vs. time recorded by the B-dot sensors. 
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Fig. 2: Velocity profile extracted from the radar signal shown in Fig. 1.  Launch occurs between 0 and 5 ms.  The radar return is strong for an additional 
5ms of projectile free flight. 
 
 
 
Fig. 3: Comparison of in-bore WIPT velocity (blue) and calculated position (red) to the recorded B-dot sensor data. 
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4. Friction and drag forces 
4.1. In-bore frictional forces 
In-bore frictional effects during launch can be determined from knowledge of the acceleration vs. time history of the 
launch package.  The theoretical launch force on the projectile is given by the following equation 
  (2)  
where  is the inductance gradient of the launcher, and I is the applied current.  The effective force acting on the projectile 
can be determined from the velocity profile measured with WIPT. 
  (3)  
Assuming constant values for  and launch mass (m), the drag force acting on the projectile is the difference between 
the applied launch force and the measured accelerating force on the launch package.  Combining Equations (2) and (3), the 
frictional drag on the projectile is: 
  (4)  
Care must be taken in computing the time derivative in Equation (4) as small errors in the velocity profile will be 
exacerbated by numerical differentiation.  A comparison of the forces acting on the projectile is shown in Fig. 4.  Note that 
the calculated drag force includes some negative values early in launch.  This is due to assumptions made in interpolating 
values for the velocity profile very near the noise floor of the measurement and can be addressed with a more careful 
analysis.  
 
 
Fig. 4: Forces balance for the launch package. 
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If one assumes that the losses shown in the figure above are strictly due to friction, the friction coefficient can be 
calculated using the following equation: 
  (5)  
Equation (5) makes use of the assertion that the normal force acting at the rail / armature interface (FN) is approximately 
equal to the launch force (FL).  Solving for  yields the results shown in Fig. 5.  Again, errors in the velocity profile produce 
unreliable results early in the launch.  Values beyond 1 ms are not corrupted by the low velocity interpolation above, 
however, the coefficient of friction between this location and about 1.5 ms are still negative.   
4.2. Free flight aerodynamic drag at sea level 
Aerodynamic effects acting on the projectile after muzzle exit can be readily evaluated from the free flight velocity 
profile shown in Fig. 2.  Once the projectile clears the muzzle, the only force acting on it is the aerodynamic drag force FD, 
which can be determined from the measured velocity as in Equation (3) above.  The flight mass, m, is assumed constant 
after muzzle exit, and is equal to the initial projectile mass, less any mass loss during launch and upon exiting the gun.  
Since the EMLF is an open range testing facility, the flight mass is readily determined from recovered launch packages.  
Using this information, the aerodynamic coefficient of drag can be calculated using the following equation: 
  (6) 
where  is the density of standard air at sea level.  The reference area of the flight body, A, is a function of the angle of 
attack during flight, which was estimated to be negligible for the data under consideration.  Substituting Equation (3) into 
Equation (6) yields: 
  (7) 
To facilitate the calculation of   in Equation (4), the free flight velocity profile, V(t), was approximated using a 
polynomial fit of degree 1.  The fitted projectile velocity varies linearly between 1990 and 1900 m/s during flight, and the 
resulting root-mean-square error due to noise in the measured free flight velocities is small.  The coefficient of drag 
calculated from Equation (7) is plotted vs. Reynolds number in Fig. 6.  The Reynolds number, Re, is defined as 
  (8) 
Here, l is the projectile diameter and a is the dynamic viscosity of air. 
 
5. Conclusions 
The WIPT Radar provides an alternate means of recording time resolved velocity for projectiles launched from 
electromagnetic railguns.  The system currently tracks projectiles from the muzzle of the launcher, rendering it insensitive to 
in-bore plasma and debris generated behind the armature during launch.  WIPT derived velocity measurements compare 
well with other, less resolved, diagnostics, and allow for investigation into losses during launch.  Furthermore, the system is 
able to track the projectile for a short period of free flight, which enables calculations of aerodynamic drag for realistic 
flight bodies at hypervelocity. 
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Fig. 5: Coefficient of friction vs. velocity during launch.  The oscillation between 0 and ~200 m/s is due to poor assumptions during interpolation of the 
velocity profile. 
 
Fig. 6: Drag coefficient vs. Reynolds number for the projectile in free flight. 
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